The conformation change of bovine hemoglobin (Hb) during the unfolding process induced by urea and acid was investigated by an electrochemical method. Hb unfolding induced by urea of different concentrations was realized by bonding Hb onto a 3-mercaptopropionic acid (MPA) modified gold electrode. The difference in unfolding percentage showed that the Hb unfolding induced by urea was a two-step, three-state transition process, while the unfolding induced by acid was a two-state transition process. The results obtained by the electrochemical method coincided closely with those obtained by UV-vis spectroscopy and fluorescence spectroscopy. Some thermodynamic parameters during the conformational change were also calculated to study the intermediate state during the Hb unfolding process. The present work may lead to an easy and effective way to study metalloproteins unfolding, and holds great promise for the design of novel sensitive biosensors.
Introduction
The investigation of protein folding/unfolding has drawn increasing interest because of its great importance in providing knowledge of the relationship between the structure and the function of proteins. 1 The misfolded proteins accumulated in inclusion bodies could result in the development of many disorders, such as Alzheimer's disease, Parkinson's disease, systemic amyloidoses, and many other abnormalities. 2, 3 Thus, many methods have been developed to investigate protein unfolding, such as UV-vis spectroscopy, fluorescence spectroscopy, circular dichroism spectroscopy, mass spectrometry, and infrared/Raman spectroscopy. [4] [5] [6] [7] Electrochemical methods are especially popular due to their high sensitivity, rapid analysis, low instrument cost, and the capability of achieving kinetic and thermodynamic information on protein unfolding. [8] [9] [10] [11] Currently, electrochemical investigations on the folding/ unfolding of proteins mainly focus on metalloproteins, such as cytochrome c, myoglobin and hemoglobin (Hb). [12] [13] [14] [15] [16] [17] [18] The heme irons in these proteins are used as endogenous electroactive probes. 17, 18 Proteins are commonly pre-unfolded by a certain denaturant of high concentration. The conformational transition information of the protein is therefore directly monitored on a bare or modified electrode in the denaturing solution through the change of the redox behavior of heme irons. 2, 10, 13 Hb, which is a physiological carrier of oxygen in red blood cells, comprises two pairs of α-and β-subunits. Each subunit contains a heme group. Because of its importance in transporting oxygen from the lungs or gills to peripheral tissues in the vascular system of animals, investigations on the structural transition of Hb are invaluable for understanding physiological events. 19, 20 Acid and acidic urea-induced unfolding of Hb was investigated by Zhao et al. 21 using an electrochemical method. The heme group in Hb detached from their native binding sites at pH < 4.0. Furthermore, the catalytic ability of Hb was enhanced 15 times under the optimal unfolded conditions. A facile and effective electrochemical method was demonstrated by Li et al. 2 for the investigation of Hb unfolding induced by guanidine hydrochloride (GdnHCl) on bare glassy carbon electrodes. In the native state, the heme groups were deeply buried in the hydrophobic pockets of Hb. Upon the unfolding of Hb induced by the denaturant GdnHCl, the heme groups dissociated from the hydrophobic pockets of Hb and the electrochemical response increased. The stability of the extracellular hemoglobin of Glossoscolex paulistus (HbGp) oligomeric upon pH effect was investigated by Carvalho et al. 22 The degree of HbGp oligomeric dissociation, in alkaline pH conditions, depended significantly on the iron oxidation state. The results showed that the effect of pH on HbGp oligomeric stability was similar to that associated to the urea-induced unfolding.
It is generally believed that a vast majority of protein molecules do not directly unfold from a natural state (N-state) to a fully unfolded state (U-state), but exist in one or more intermediate states (I-state) during the unfolding process.
Typically, the overall structure of these I-states are still relatively close and contain secondary structures, but have lost the natural activities of the original N-state. The refolding process of a U-state protein is basically a reversal unfolding process, but in this process, there may be different I-states during which aggregate precipitate may be formed for a variety of reasons. 24 Three-, four-and five-state unfolding processes of some proteins by different denaturants have been reported by some researchers. [25] [26] [27] [28] [29] These works not only need fluorescence spectroscopy, nuclear magnetic resonance spectroscopy, circular dichroism spectroscopy, infrared spectroscopy, size exclusion chromatography and other physical and chemical means, but require complex testing and complicated calculations. However, to our knowledge, there have been no reports on the stable conformational state distribution during the protein unfolding process by electrochemical method.
In this paper, the conformational state distribution during the Hb unfolding process was successfully revealed by an electrochemical method. The experiment showed that the conformation change of Hb induced by urea differed from that induced by acid during the unfolding process. This work provided a facile and effective way to study the unfolding of hemeproteins and could be applied to design novel sensitive biosensors because of the greater exposure of the electrical active center.
Experimental

Chemicals and reagents
Bovine Hb (MW = 64500) was purchased from Sigma and used without further purification.
Suppliers of 3-mercaptopropionic acid (MPA) and carbodiimide (EDC) were purchased from Alfa Aesar Co., Ltd. N-Hydroxy sulfosuccini midyl (NHS) was purchased from Sinopharm Group Co., Ltd. Urea was obtained from Fluka. Other reagents used were of analytical reagent grade.
Phosphate buffer saline (PBS, 0.1 M, pH 7.0, containing 0.1 M KCl) was prepared from the stock solutions of Na2HPO4 and NaH2PO4 (0.1 M), and adjusted to the pH value. Urea solutions of different concentrations (1.0 -8.0 M) were prepared by dissolving desirable amounts of urea in PBS.
Electrochemical measurements
A gold electrode (Au, 2 mm in diameter) was first treated in freshly prepared piranha solution (a mixture of sulfuric acid and 30% hydrogen peroxide) for 30 min. After carefully washing with doubly distilled water, the Au was polished to a mirror finish mechanically with 0.3 and 0.05 μm alumina powder. The well-polished Au was cleaned in absolute ethanol and doubly distilled water by sonication for 1 min each. Then, the polished Au was pretreated electrochemically in 1 M H2SO4 by cyclic scan to current stability. A 1.0-mL volume of 40 mM MPA, 1.0 mL of 40 mM EDC and 1.0 mL of 40 mM NHS were mixed for 30 min. Then, 1.0 mL of 20 mg mL -1 Hb was added; the mixture was shaken in a rocking incubator at 37 ± 0.2 C and mixed for 24 h. Finally 10 μL of the mixture was cast onto the surface of the bare Au by using a syringe to prepare Hb/MPA/Au. Hb/MPA/Au was dipped in different concentrations of urea (1.0 -8.0 M) at 4 C for 24 h to make hemoglobin unfold at different levels.
Cyclic voltammetry (CV) was performed with a CHI 660D electrochemical workstation (Shanghai CH Instrument Co., Ltd., China) in a three-electrode cell. Modified Au was used as the working electrodes, and a platinum spiral wire was used as the counter electrode. All potentials were biased versus saturated calomel electrode (SCE). For the electrochemical experiments conducted under anaerobic conditions, the solutions were bubbled with pure N2 gas for more than 30 min, and N2 gas was kept flowing over the solution during the electrochemical measurements.
Spectral measurements
UV-vis absorption spectra were recorded on a Specord 50 spectrometer (Jena, Germany). Fluorescence measurements were conducted on an F-2500 fluorescence spectrometer with xenon lamps (Hitachi Ltd., Japan). Unless stated otherwise, all measurements were performed at ambient temperature (25 ± 2 C).
For all spectral measurements, Hb was incubated in urea (1.0 -8.0 M) for 24 h at 4 C to reach equilibrium. In order to obtain better spectra, all Hb solutions were diluted before measurements, and the time between the measurements and dilution was controlled within seconds. The concentrations of Hb for UV-vis and fluorescence measurements were 80 and 300 mg L -1 , respectively. All spectral measurements were carried out at ambient temperature (25 ± 2 C).
Results and Discussion
Urea-induced unfolding of Hb on MPA-modified electrode
In the native state, the heme groups are deeply buried in the hydrophobic pockets of Hb with a five-coordinate high-spin complex and thus show poor electrochemical property on the modified electrode. Previous research 10, 21 showed that the electrochemical response increased upon the unfolding of Hb induced by the denaturant urea because of the electrical active center exposure. Figure 1A shows typical cyclic voltammograms (CVs) of different chemically modified electrodes in the absence or presence of 8.0 M urea as the denaturant. MPA had no electrochemical response on Au, meanwhile, no obvious peak current was found in deaerated PBS (0.1 M, pH 7.0) after MPA/Au was incubated in 8 M urea (Fig. 1A , curves a and b). After Hb covalently attached onto the MPA/Au (Hb/MPA/Au), a pair of weak redox peaks were observed with the formal potential (E o ′) of -0.218 V and peak-to-peak separation (ΔEp) of 107 mV (Fig. 1A , curve c). The redox couple at -0.218 V was attributed to the redox reaction of heme Fe III /Fe II in Hb. 30 The E o ′ of Hb was smaller than in previous reports where Hb was immobilized in PCNFs/BMIM·PF6/CHIT, 31 PdNPs/GR-CS 32 and PS/GE-CNT-Nafion. 33 This indicates that the different film components, which might interact with protein or affect the electric double layer of the electrode, may have an obvious effect on the kinetics of the electrode reaction for hemeproteins. 34, 35 Hb in its native state is approximately spherical in shape with dimensions of 65 × 55 × 50 Å and has a heterotetrameric structure composed of four subunits that are referred to as α1 and α2 subunits with eight helices and β1 and β2 subunits with seven helices. In each subunit, the heme group is buried in the hydrophobic pocket with a fifth coordinative bond with the residue of the polypeptide (His-F8). 36, 37 In addition to the covalent bond between iron and His-F8, there are van der Waals bindings between atoms on the porphyrin ring and about 60 atoms of the polypeptide chain in each subunit. The long distance between the heme groups and electrode and the large steric hindrance of native Hb essentially result in the poor electrochemical response of Hb on the MPA-modified Au. The incubation of Hb in 8.0 M urea (uHb/MPA/Au) caused changes of the native secondary and tertiary structure surrounding the heme group, thus resulting in an enhancement of the water solubility of hydrophobic side chains. Therefore, the peak current (Ip) increased greatly with a negative shift of E o ′ to -0.242 V and an enlarged ΔEp to 128 mV (Fig. 1A , curve d). The change of the coordinating environment of heme irons resulted in the change of E o ′. 38 Although the direct electron transfer between the heme groups of Hb and MPA-related film can be facilitated, the ΔEp was larger than that of Hb/MPA/Au. Moreover, the Ip of uHb/MPA/Au was larger than that of Hb/MPA/Au, suggesting greater exposure of the electroactive center and a change of Hb conformation.
The CV responses of both native and 8.0 M urea unfolded Hbs were investigated at scan rates from 0.1 to 1.0 V s -1 . With an increase of the scan rate, the cathodic and anodic peak currents (Ipc and Ipa) of both native and unfolded Hbs increased simultaneously. Moreover, the peak currents (I, μA) were linear with scan rates (v, V s -1 ) (Ipa = 0.1559 -5.82v, r = 0.9991 (native Hb); Ipa = 0.2118 -13.57v, r = 0.9988) (uHb)). The results revealed that the electron transfer of both native and unfolded Hbs on MPA/Au was the surface-controlled electrochemical process.
For an electroactive reactant adsorbed at a surface that displays Nernstian behavior, the current-potential (i-E) curve should satisfy the following equation:
Where n is the number of electrons transferred, F the Faraday constant, v the voltage scan rate, A the electrode active area, Γ* the surface concentration of the reactant, and E o ′ the formal potential. The coverage of the pure MPA SAM was estimated at 8.3 × 10 -10 mol cm -2 , which was consistent with previous results by other research groups. 40, 41 The cyclic voltammetric responses of the Hb/MPA/Au in PBS retained over 98% of its initial response after 30 cycles, and then it decreased slowly with an increase in the number of cycles, indicating that the modfied electrode was stable. The storage stability of the Hb/MPA/Au was further investigated. The amperometric measurements were measured using the same electrode and it retained over 95% of its initial response after being stored at 4 C for one month.
The hydrogen bonds formed by urea and amino acid residues in the protein play an important role for the protein unfolding, and different concentrations of urea can cause varying degrees of exposure of the electrical active center in Hb. Figure 1B showed the CVs of Hb that were unfolded by urea of different concentrations. The current response increased at varying degrees as urea concentration increased. Similar research was carried out by Zhao et al., 10 but they did not reveal the existence of an intermediate state during the Hb unfolding. Figure 1C shows the relationship between Ipc and urea concentration during the step-wise denaturation of Hb. The change for Ipc was great at urea concentrations between 0 -3.0 M, which indicated that the conformation of Hb changed greatly. Ipc changed slightly when urea concentration was between 3.0 -6.0 M, which indicated there was a stable intermediate state. Ipc showed a drastic change when urea concentration was between 6.0 -7.0 M. When urea concentration was higher than 7.0 M, Ipc was almost the same. The experiment showed that an electrochemical method can detect the unfolding intermediate state of proteins.
The Soret absorption band (350 -450 nm) of hemeprotein, which is sensitive to conformation changes in the vicinity of heme, is caused by the interaction between heme and globin. Therefore, UV-vis absorption spectrum is widely used for the research of Hb conformation change. 2, 10, 21 Without the presence of urea, a tight Soret band at 406 nm was obtained (Fig. 2, curve a) , which was assigned to the heme monomer coordinated to His-F8 in the native state of Hb. 42 The intensity of the absorption spectra varied greatly up to 2.0 M urea (curves a -c). Further increasing the urea concentration from 3.0 to 6.0 M caused a slight decrease in absorbance (curves d -g). At urea concentrations above 7.0 M, the absorption spectra did not show obvious change (curves h -i). Moreover, the maximum absorption wavelength remained constant under various urea concentrations, indicating the heme remained attached to hemoglobin at the native site when Hb was unfolded by urea. 10 In urea-water mixture, the urea molecules, instead of water molecules, accumulate on the surface of protein molecules. The hydrophobic cavities of Hb heme lose the original tertiary structure and form a molten globule structure in a high concentration of urea. Thus, the Hb forms a closer conformation, resulting in a decrease in absorption intensity. 10 Tryptophan (Trp), tyrosine and phenylanine amino acid residues in protein molecules emit fluorescence. Native Hb contains αTrp14, βTrp15, and βTrp37. As shown in Fig. 3 , the Hb molecule produced a maximum emission peak at 348 nm (curve a). When the urea concentration increased from 1.0 to 8.0 M, the fluorescence intensity of Trp increased gradually, and the maximum emission wavelength shifted slightly to 356 nm (curves b -i), indicating that the presence of urea caused changes of hydrophobicity in the vicinity of Trp residues. In native Hb, the Trp residues are located in the vicinity of heme, and their fluorescence is strongly quenched by Förster resonance energy transfer. 6, [43] [44] [45] With an increase in urea concentration, the conformational change of Hb led to an increase in the distance between Trp and heme. Accordingly, the energy transfer efficiency was reduced, and the fluorescence intensity increased gradually. 6, 46 In order to further evaluate the results from different techniques, a linear free energy model (LEM) was used. 
In the above equations, y represents the electrochemical or spectral intensity value in a particular unfolding condition, and yN and yU are the electrochemical or spectral intensity value in the native and fully unfolded state of Hb. The unfolded percentage of the native Hb (fN) is 0% while that of the fully unfolded Hb (fU) is 100%. Figure 4 summarizes the results obtained with electrochemistry, UV-vis spectroscopy, and fluorescence spectroscopy for Hb unfolding as a function of the urea denaturant. The unfolding percentage of Hb obtained with the three methods was calculated by using the value obtained in the absence or presence of urea. The small discrepancies of fU from electrochemistry and spectroscopy methods was because electrochemical measurements were performed on the electrode interface, while spectral measurements were conducted in the solution system. The change of fU was great when the urea concentration was between 0 -3.0 M and 6.0 -7.0 M with different methods, while only small changes were observed when urea concentration was between 3.0 -6.0 M and 7.0 -8.0 M. Consequently, a two-step, three-state transition process was monitored by electrochemistry and spectrometry. This showed that there were three stable conformations: the natural state, intermediate state and completely unfolded state. The denaturation process of Hb conformed to a typical three-state model. The good consistency in the unfolding curves obtained with CV, UV-vis spectroscopy and fluorescence spectroscopy further validated the electrochemical method based on the redox process of the heme groups on chemically modified electrodes as a new tool for the study of the unfolding processes of Hb induced by urea.
The calculation of the thermodynamic parameters during conformational change
According to the LEM, 47, 48 the relationship between free energy and the equilibrium constant is shown as follows:
In the above, Keq is the equilibrium constant between the folded and unfolded state of Hb, ΔGU is the change in the free energy of Hb in a certain unfolding condition, ΔGU,water is the change in the free energy of the folding Hb in water, m, which can index the change in solvent exposure during the transition and the compactness of Hb, is obtained from the slope of the Santoro-Bolen equation, 49-51 and [D] is the concentration of urea. Accordingly, similar thermodynamic parameters of m and ΔGU,water of Hb were obtained from electrochemistry, fluorescence spectroscopy and UV-vis spectroscopy ( Table 1) .
The small discrepancies of m and ΔGU,water from electrochemistry and spectroscopy methods were also due to the fact that electrochemical measurements were performed on the electrode interface, while spectral measurements were conducted in the solution system.
The unfolding of Hb induced by urea is reversible according to previous reports. 52, 53 Therefore, a thermodynamic cycle was established as follows:
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By combining the electrochemical data with the free energy changes in the Hb unfolding process, the difference in the stability of reduced and oxidized Hb induced by urea can be assessed from the cycle.
According to 
Acid-induced unfolding of Hb on MPA-modified electrode
The conformational change of protein induced by acid is related to the electrostatic interaction, the dielectric constant of the medium. Protein conformational stability at different pH levels depends not only on the quantity and distribution of amino acid residues on the surface, but the non-dissociated pendant group (principally tyrosine and histidine) buried inside the protein molecule. When the pH is beyond the dissociation constant (pKa) of the group by several units, these amino acids will ionize and become charged. Due to mutual repulsion between amino acid residues with the same charge, the polypeptide chain of the protein stretches, 54 which induces conformational changes.
The effect of pH on the electrochemical reduction and oxidation of Hb is shown in Fig. 5A . As the pH decreased, the peaks became broader with a concomitant decrease in peak current. At pH = 3.0, the faradaic peak current dropped almost to zero. By integrating the charge under the peak, the percentage of active His-ligated protein at pH values of 6.0, 5.0, and 4.0 was determined to be 83, 45, and 7%, respectively. The fact that Hb was covalently attached to the MPA-modified electrode rules out the possibility that Hb was simply diffusing away. Hence, we inferred that the change of pH induced an important change in the conformation of Hb, which caused the loss of electroactivity in the potential window.
To provide a more complete picture, Fig. 5B shows Ipc dependence on pH. Ipc decreased as the pH went from high to low, and it had a sigmoidal shape. Ipc of covalently immobilized Hb decreased sharply with solution pH between 6.0 and 4.0, and the midpoint of the transition was found between pH 4.5 and 5.0. This observed transition range of pH 4.0 to 6.0 correlated well with the pKa = 5.2 of histidine residues. The sudden decrease of Ipc was attributed to unfolding of the Hb, in particular changes in the heme pocket and its exposure to solvent. This was different from the research results of Zhao et al., 21 in which the current rate of sharp change was between pH 4.0 and 2.0. This was probably due to the fixed method of Hb to electrode. Hb was absorbed on clay/GCE in their research, while covalently bonded on MPA/Au in our work.
The change of current showed that the Hb unfolding induced by acid was a one-step, two-state transition process compared with the two-step, three-state process induced by urea. Urea and acid can both induce protein denaturation. Denaturation by urea is mainly through the formation of hydrogen bonds between the polar amino acid residues in the protein molecule and urea. Denaturation by acid is due to the ionization of amino acids (mainly tyrosine and histidine) within the protein molecules and becoming charged. The same kind of charge exclusion makes the peptide bonds of the protein stretch. The urea denaturation occurs between Hb molecules and urea molecules caused by the hydrogen bonds; while the acid denaturation occurs inside of Hb molecules caused by the electrostatic interactions. 55 Thus, the ability of acid-induced protein unfolding was significantly higher than that of urea.
When the pH was 2.0, both the anodic and cathodic peaks, which were associated with the electron transfer of the native protein, had disappeared. When the pH was back-titrated to 7.0, only the charging current was observed, that is, the native protein conformation was not recovered by changing the pH back after the denaturation.
The irreversibility of the denaturation did not depend on whether a current was run through the system. In other words, immersion of the electrode in a low pH solution caused faradaic current, measured at pH 7.0, to disappear. It may be that the unfolded protein interacts with the MPA layer to make the denaturation irreversible. For example, the hydrophobic peptide regions could bind in the alkane part of the MPA 56 and the heme unit could coordinate with the solvent. These stabilizing influences may inhibit restoration of the native form by back-titration. Hence, the protein irreversibly lost its structure and cannot be refolded by simply raising the pH.
Conclusions
An effective electrochemical method was successfully demonstrated here for investigation of conformation change of Hb in its unfolding induced by urea and acid. The results showed that there were three stable conformations: natural state, intermediate state and completely folded state in the Hb unfolding process induced by urea. However, there was no intermediate state in the unfolding process induced by acid. Hb directly unfolded from natural state to fully unfolded state. The differences in the results of stable conformations induced by urea and acid revealed that the ability of acid-induced protein unfolding was significantly higher than that of urea. The method demonstrated here could provide a facile and effective way to research protein unfolding and present new ideas for the development of novel sensitive biosensor designs based on greater exposure of the electrical active center of the hemeprotein to the denaturant.
